In unfolded RNase A there is an interconversion between slow-folding and fast-folding forms (Us UF) that is known to show properties characteristic of proline isomerization in model peptides. Here, we accept the evidence that Us molecules contain nonnative proline isomers and we ask about the isomerization of these proline residues during folding. The Us UF reaction in unfolded RNase A is used both to provide data on the kinetics of proline isomerization in the unfolded protein and as the basis of an assay for measuring proline isomerization during folding.
100-fold faster than the conversion of Us to UF in unfolded RNase A. Consequently, the folding reaction is not rate-limited by proline isomerization as it occurs in unfolded RNase A.
An assay is given for proline isomerization during folding. The principle is that native RNase A yields UF on unfolding, whereas protein molecules that still contain nonnative proline isomers yield Us. Unfolding takes place at 0C, at which proline isomerization is slow compared to unfolding. This assay yields two important results: (i) The kinetics of proline isomerization during folding are substantially faster than in unfolded RNase A-e.g., 40-fold at 0C. The mechanism of the rate enhancement is unknown. (ii) At low temperatures (0-100C), and also in the presence of (NH42S04, the tyrosine-detected folding reaction occurs before proline isomerization and yields a folded intermediate IN that is able to bind the specific inhibitor 2S-CMP. The results demonstrate that a folding intermediate is spectrally detectable when folding occurs at low temperatures. They suggest that low temperatures provide suitable conditions for determining the kinetic pathway of folding by characterizing folding intermediates.
In unfolded RNase A there is an equilibrium between fastfolding (UF) and slow-folding (Us) forms (1) (2) (3) (4) (5) (6) . The kinetics of the UF Us reaction can be measured by "double-jump" experiments (4, 7) . First, native RNase A (N) is unfolded in a reaction that yields UF. Under suitable conditionst this is the unfolding reaction measured by the change in tyrosine absorbance (7) . When unfolding occurs at 00C, an almost quantitative conversion of N to UF can be obtained before there is a significant conversion of UF to Us, as we show here. Afterwards, the kinetics of the slow equilibration of UF and Us can be measured by use of a refolding assay for Us.
There is good evidence (8) (9) , indicating that residual structure is not rate-limiting. The kinetics of proline isomerization are known to be independent of GdmCl concentration in the dipeptide Ala-Pro (7).
On the other hand, studies of the Us -N reaction at 15-45°C show kinetic properties quite different from those of proline isomerization (7) . The activation enthalpy is small and the rate drops sharply with increasing GdmCl concentration (7) or with the addition of other guanidinium salts (10 (14) .
Assay for Slow-Folding Molecules. Refolding conditions were as described (8) blocked by folding. The kinetics of proline isomerization during folding are complex (Fig. 2) , like those of the folding reaction seen by tyrosine absorbance. At 10'C the predicted t1/2 was 710 sec if the Us -UF conversion was treated as a single-step reaction and the rate constants for proline isomerization were the same as in unfolded RNase A ( Table 1 ). The observed t1/2 was 25 sec at 0.25 M GdmCl and 246 sec at 1.5 M GdmCl (Fig. 2) . Thus, the rate of proline isomerization increases 30-fold during folding at 100C in 0.25 M GdmCl; at 00C, there was a 40-fold increase in rate. The effect of GdmCl on the isomerization reaction confirms that the properties of the reaction are very different under folding and unfolding conditions. In unfolded RNase A, the isomerization rate is unaffected by GmCl (9), whereas Fig. 2 shows a 1:10 decrease in rate between 0.25 M and 1.5 M GdmCl during folding at 100C.
Comparison Between Kinetic Progress Curves for Proline Isomerization and for Tyrosine-Detected Folding. Does the folding reaction seen by tyrosine absorbance occur with the same kinetics as the disappearance of molecules with nonnative proline isomers? This is the result expected if there are no populated Iss. Fig. 3 compares the kinetic progress curves of the two reactions at 0C. The change in tyrosine absorbance occurred more rapidly (about 2.5-fold) than proline isomerization. This implies that a Is that still contains one or more non-native proline isomers, is formed in the reaction monitored by tyrosine absorbance.
To test this conclusion, aliquots were taken 50 sec after folding began at 00C and the RNase A was allowed to finish folding at 250C either at 1.4 M or at 2.1 M GdmCl. N is stable under both conditions: it begins to unfold at 2.2 M GdmCl and 25-C (8) . Fig. 4 shows the results of this experiment. The first observed changes in tyrosine absorbance (20-35 sec after transfer) of the sample transferred to 2.1 M GdmCl indicate unfolding, and then, after 35 sec, folding occurred. The sample transferred to 1.4 M exhibited only folding. Each sample refolded completely at 250C, but the extent of folding was less at 2.1 M than at 1.4 M GdmCl until complete reaction was attained. Evidently, the folded product of the tyrosine-detected reaction unfolded at 2.1 M GdmCl, 250C, unlike N.
Complete Decoupling of Tyrosine-Detected Folding from Proline Isomerization in the Presence of (NH4)2SO4. Because it is not convenient to set the spectrophotometer at 0C, the folding reaction seen by tyrosine absorbance was measured by difference: aliquots were taken at different times, folding was allowed to go to completion at 251C, and the extent of the final folding reaction at 250 was plotted. Binding of 2'-CMP by an Intermediate Formed in the Tyrosine-Detected Folding Reaction. Binding of the specific inhibitor 2'-CMP has been used in earlier work (1, 5) to monitor the appearance of specific structure. Binding of 2'-CMP to N is a fast reaction, complete within a few milliseconds under these conditions, and it shows a 1:1 stoichiometry, so that it can be used to measure the number of folded molecules containing a 2'-CMP binding site. Table 2 Effect of (NH4)2SO4 on the kinetics of the tyrosine-detected folding reaction of Us at 100C in 0.2 M GdmCl/50 mM Na cacodylate-cacodylic acid, pH 6 .0. The complex kinetics were resolved into two phases by the method of peeling back exponentials (see Table  2 ). The faster phase (TIr) has the major amplitude (80%). Evidence for a second Ii, which is fornied rapidly compared to the tyrosine-detected folding reaction, is being published elsewhere (15) . Two factors probably contribute to the production of populated Iis in the Us --N reaction at low temperatures: (a) Iis appear to be stable at low temperatures and (b) proline isomerization is very slow (Table 1) .
Creighton (16, 17) finds by an independent method that slow-folding forms of some small proteins, including RNase A, become partly folded before the final folding reaction occurs at low temperatures. His technique employs slab gel electro- (17) . Partial folding of the protein is detected by an increase in its gel mobility. He also finds (16) by this technique, as observed earlier for RNase A (7) , that the rate of folding of the slow-folding form increases as the denaturant concentration decreases.
Formation of IN Which Resembles N in Some Properties. These data show that extensive and specific folding can occur before proline isomerization in certain "strongly native" folding conditions. The folded product IN has a tyrosine extinction coefficient close to that of N, indicating that the buried tyrosine groups of N have been shielded from water. Also, IN can bind 2'-CMP with a dissociation constant below 50 MM, indicating that it contains specific structure. Thus, in the case of RNase A, the primary effect of a nonnative isomer in an essential proline residue is to slow down but not to block folding (see the next section).
It has been suggested (8) that proteins may contain nonessential as well as essential proline residues. A nonnative isomer of a nonessential proline residue would neither block folding nor slow it down into the second time range, and isomerization of a nonessential proline residue could occur after folding. We demonstrate here that nonnative isomers even of the essential proline residues of RNase A do not block folding in strongly native folding conditions. This increases the likelihood that nonessential proline residues will be found in some cases.
A reaction that has the kinetic properties of proline isomerization and that occurs in folded concanavalin A has been reported (18) . The role of proline isomerization in the refolding of a specific fragment of procollagen has been studied (19) : nonnative proline isomers interfere with folding, and folding of the triple helix apparently propagates outward from an -SS-bonded nucleus. The in vivo folding reactions of some proteins are faster than expected if nonnative proline isomers can block folding (20) . Our results indicate that proline isomerization is speeded up as folding takes place and also that folding can occur before proline isomerization.
How Proline Isomerization Produces a Slow-Folding Molecule. Proline isomerizatioi was proposed (4) as the explanation for the slow-folding form of RNase A because it is known to be a slow reaction. It provides a logical explanation for why the folding reactions of these molecules are slow. Our present results are paradoxical, therefore, in showing that tyrosine-detected folding occurs before proline isomerization at 0-10OC and, consequently, that proline isomerization cannot be rate-limiting. Moreover, the slow-folding molecules still fold slowly in the tyrosine-detected reaction (Us -IN) compared to the complete folding reaction of the fast-folding molecules (UF -N).
Before discussing how a nonnative proline isomer causes an unfolded molecule to be slow-folding, we distinguish three cases. (i) Proline isomerization occurs before any folding. In this case, proline isomerization, as it occurs in the unfolded protein, is the rate-limiting step of the Us -N reaction. This is the explanation for slow-folding molecules proposed by Brandts et al. (4) . (ii) Folding occurs before proline isomerization. In this case, proline isomerization cannot be rate-limiting for folding (see below). (iii) No intermediates are detected, so that folding appears to take place together with proline isomerization, and the kinetic properties of the two reactions are coupled. This is probably the case for RNase A at and above 250C (7) . It will not be discussed here; it is necessary first to study the mechanism of coupling.
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